Gaucher disease is an autosonal recessive gly-
suggestion that most of these could be acounted for by a single mutation. We now report the discovery of this mution. The insertion ofa single nudeotide, a second guanine at cDNA nt 84 (the 84GG mutation), has been detected in the 5' coding region of the glucocerebrosidase gene. The amount ofmRNA produced is shown to be normal but since the frameshift produces early I tion, no transation product is seen. This finding is consistent with the virtual absence of antigen found in patients carrying this mutation. The 84GG mutation accounts for most of the previously unidentified Gaucher disease mutations in Jewish patents. The common Jewish mutation at nt 1226, the 84GG mutation, and the lesscommon mutaton at nt 1448 accounted for 95% of all of the Gaucher diprod alleles in 71 Jewish patients. This now makes it possible to screen for heterozygotes on a DNA level with a relatively low risk ofmissing couples at risk for producing infants with Gaucher disease. genomic nt 3931 in intron 6 of the glucocerebrosidase gene (10, 11) . This restriction polymorphism can be used to classify glucocerebrosidase genes as Pv1.1+ and Pvl.1-. The latter genotype is the most common, accounting for some 65% of glucocerebrosidase genes in Western populations (11) . The 1226G mutation is invariably found in the context of the Pvl.1-genotype (10) . Many Jewish and non-Jewish Gaucher disease patients are heterozygous for the 1226G mutation and a "?" mutation. Since the 1226G mutation is always linked to Pvl.1-, one would predict that sporadic mutations in the other alleles would have the same distribution as the Pv1.1+ and Pvl.1-polymorphism does in the population as a whole. Thus, 65% of patients with the 1226G/? genotype would be Pvl.l-/Pvl.1-and 35% would be Pvl.1-/Pvl.1l. In point of fact, this ratio is reversed (10) suggesting the existence ofa common Gaucher disease mutation in linkage disequilibrium with the Pvu II restriction polymorphism. Accordingly, we have made a special effort to find the putative second common Gaucher disease mutation in patients with the 1226/? Pvl.l-/Pvl.1l genotype. We have now identified this mutation as an insertion of an extra guanine at cDNA nt 84, producing aframe shiftin the leader sequence and consequent absence of the enzyme protein. The results ofthe analysis of the DNA of 71 Jewish and 38 non-Jewish patients for this and 10 other mutations are presented.
Gaucher disease is the most common glycolipid storage disease. It is due to a deficiency of the enzyme glucocerebrosidase. The disease is most prevalent in the Jewish population with a heterozygote frequency that we have estimated to approach 9% (1) . In Jewish patients with clinically significant Gaucher disease, about 75% of the diseasecausing alleles contain a characteristic A -3 G mutation at cDNA nucleotide (nt) 1226 (designated the 1226G mutation) (2, 3) . The same mutation is also common in the non-Jewish population, where it is found to account for approximately 25% of the disease-producing alleles. A second, much less common mutation is at cDNA nt 1448, a T -* C mutation. It can occur either as a point mutation (4, 5) or as the result of a cross-over between the glucocerebrosidase gene and pseudogene, producing a nonfunctioning fusion gene (6) . The 1448C mutation accounts for only about 2% of Jewish Gaucher disease-producing alleles and for about 40% of the alleles in non-Jewish patients. Thus, in both Jewish and non-Jewish patients many ofthe Gaucher disease alleles have remained unidentified and have been designated "?. " Although part of this residue of unidentified mutations undoubtedly represents multiple sporadic mutations and, indeed, some such mutations unique to one or two families have been identified (7) (8) (9) , linkage data suggested that there was an additional common mutation that had eluded detection. A restriction fragment length polymorphism with the enzyme Pvu (13) and were distinguished from *To whom reprint requests should be addressed.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. the pseudogene clones by the fact that they did not react to an oligonucleotide probe in the 55-base-pair (bp) coding region deletion in exon 9 of the pseudogene. We used oligonucleotide-specific probes to identify clones with and without the 1226G mutation. The clones were digested with Xba I and subcloned into Bluescript. Double-stranded sequencing was carried out by the chain-termination technique using appropriate primers based on the known sequence (14) . Ambiguities were resolved by sequencing the opposite strand.
Quantitation of mRNA. Since one of the two alleles of the patient contained the 1226G mutation and the other did not, it was possible to determine the relative amounts of mRNA produced from each of the alleles ofpatients heterozygous for the 1226G mutation (15) .
In Vitro Translation. The cDNA clones that had been prepared in Bluescript SK+ (see above) were identified with respect to whether they contained the 1226G or the 84GG mutations. They were then linearized with Xba I. One microgram of each linearized clone was added to the transcription system we have described (16) , except that the concentration of nucleotides was increased to 0.8 mM. Onefifth of each RNA transcript preparation was translated in a rabbit reticulocyte lysate system (16) and subjected to Laemmli SDS/PAGE on a 10% polyacrylamide gel.
Detection of Mutations in DNA from Gaucher Disease Patients. The 84GG mutation does not create or destroy a restriction endonuclease site. Therefore, we used a mismatched PCR (17) , wherein a primer is designed to contain a mismatch creating a restriction site in the mutant but not in the normal allele. We used, as a 5' primer, 5'-GAATGTC-CCAAGCCTTTGA [nt 979-997 of the published genomic sequence (14) ]. This primer mismatches the glucocerebrosidase pseudogene at its 17th and 19th position. Fig. 1 .
Examination for the other known mutations was carried out as summarized in Table 1 . The method used for the detection of the 1226G mutation (15) and the 1448C mutation (3) has been described. Samples that had the 1448C mutation were further examined for a cross-over (XOVR) gene by Southern blot analysis after digestion with Ssp I (6) .
Quantitation of Glucocerebrosidase Antigen. Glucocerebrosidase antigen was quantitated with monoclonal antibodies as described (24) .
Gaucher Disease Patients. The diagnosis of Gaucher disease was well-established in all patients, either by histopathologic study of the marrow or demonstration of diagnostically lowered levels of acid ,3glucosidase in peripheral blood cells (25) . Classification by ethnic origin was according to the family history provided by each patient. Four half-Jewish patients were excluded from the analysis. Otherwise all Gaucher disease patients referred to us from which DNA was available for study were included. The clinical severity score was calculated as described (3) sequences of the displaced mutant and the 1226G mutant, which did not have the 84GG insertion.
The Genomic Sequence. The exon sequence of the genomic DNA of the allele containing the 1226G mutation and the one that did not contain the mutation were identical except for the insertion of an extra guanine at genomic nt 1035 (14) (cDNA nt 84) in exon 2 of the allele without the 1226G mutation.
Quantitation of mRNA. The relative amounts of mRNA produced by the 1226G and 84GG alleles were quantitated using three different approaches. (i) DNA amplified from a full-length cDNA using mismatched oligonucleotides to create an Xho I site in the presence of the 1226G was examined. The amount of amplified material with and without the 1226G mutation was approximately the same (Fig. 2). (ii) These results were confirmed by incorporating radioactive dATP in the PCR mixture, removing samples at 15, 21, and 27 cycles, and showing that in the linear portion of the curve the rate of increase in radioactivity of the Xho I-cleavable fragment was approximately the same as that of the fragment that was not cleaved. ( iii) The amount of the two species of cDNA could also be estimated by the relative strengths of the 1226A and the 1226G signal when the PCR-amplified full-length cDNA was sequenced. Again, the amount of the two gene products seemed to be nearly the same. Glucocerebrosidase Antigen. The amount of glucocerebrosidase antigen in five cultured skin fibroblast lines from unrelated patients homozygous for the 1226G mutation was found to be 7.0 ± 1.0 milliunits (mean ± SEM). Thus a single copy of the 1226G gene would be expected to produce approximately 3.5 milliunits of antigen. Four heterozygotes for the 1226G and 84GG mutations averaged 4.3 ± 0.42 milliunits, a value that does not differ significantly from the 3.5 milliunits produced by a single 1226G gene. One may therefore conclude that little or no antigen was produced by the 84GG mutant allele.
Frequency of the 84GG and 1226G Mutations in Gaucher Disease Patients. Table 2 presents the genotypes of 71 Jewish and 38 non-Jewish Gaucher disease patients that we have studied. It is apparent that the 84GG mutation is a very common one in the Jewish population, its frequency being second only to that of the 1226G mutation. It was encountered only once in the non-Jewish patients. As reported (10), the 1226G mutation was invariably linked to the Pvl.1-genotype. The 84GG mutation, on the other hand, was always found in the context of the Pv1.1+ genotype.
In contrast to patients homozygous for the 1226G mutation who characteristically have mild late-onset Gaucher disease (3), patients heterozygous for the 1226G and 84GG mutations had relatively severe disease with early onset. The median age of first symptoms or diagnosis of Gaucher disease was 30.5 years in patients homozygous for the 1226G mutation and only 6 years in the group heterozygous for the 1226G and 84GG mutations. The relationship between the clinical severity score and the age of evaluation is presented in Fig. 3 .
DISCUSSION
We have previously postulated on the basis of linkage data that one additional common Gaucher disease mutation existed in the Jewish population linked to the Pv1.1+ haplotype (10) . We have now identified this mutation as an insertion of a guanine after the normal guanine at cDNA nt 84. This mutation is in the portion of the DNA that is translated to the a) Proc. Natl. Acad. Sci. USA 88 (1991) If% leader sequence. The frame shift that results from the nucleotide insertion causes a stop codon to appear 18 amino acids downstream from the insertion. The amount of glucocerebrosidase mRNA in such individuals is normal but no translation product could be detected in an in vitro translation system and little or no enzyme antigen attributed to this allele could be found in cell lines from patients. Accordingly, the clinical disorder produced in patients heterozygous for the 1226G and the 84GG mutations is more severe than that observed in most homozygotes for the 1226G mutation. Moreover, no homozygotes for the 84GG allele have been encountered, even in the severe infantile form of Gaucher disease. This form of disease is very rare among Jews and it is possible the homozygous state is lethal before birth.
We could identify more than 95% of the disease-producing alleles at the DNA level in 71 Jewish subjects with Gaucher disease. Most of these are mutations at nt 1226, 84, and 1448, and screening for these three mutations accounts for 94.4% of the Gaucher-producing alleles in this group of patients. Among the non-Jewish patients the 1226G and 84GG mutations were less common. Whereas these genes apparently achieve polymorphic frequencies in the Jewish population, they are much less common in non-Jews. The discovery of the 84GG mutation now makes it possible to screen effectively for Gaucher disease, particularly in Ashkenazi Jewish populations. The implementation of such a screening program would not be inexpensive because of the technology required but, with the cost of treating a patient with Gaucher disease being in the range of $50,000-$800,000 per year for enzyme replacement (26) , screening should nonetheless prove to be highly cost effective.
Note Added in Proof. Since transmitting this paper, we have found that two of the six Jewish 1226G/? patients have a previously described (21) G -. T mutation at cDNA nucleotide 1297 and can, therefore, be designated 1226G/1297T. More than 97% of the mutations among the Ashkenazi Jewish patients are now identified, increasing further the power of DNA analysis in heterozygote detection. We have now examined the DNA of664 normal Ashkenazi Jewish subjects for the 84GG mutation. It was present in 4 or at 0.6%. Although the frequency of the 1226G mutation was 4.6 times as great as the 84GG in the patient population, it is nearly 9 times as frequent in the healthy population, supporting our assumption that it is underrepresented in the patient population.
